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2 
Abstract 24 
This study examines the yields of solid residue and by-product from the microwave assisted 25 
acid hydrolysis of lignocellulosic poplar wood for levulinic acid production. The aim of this 26 
study was to optimise levulinic acid production via Response Surface Methodology (RSM) and 27 
also investigate the effect of reaction conditions on other products such as furfural, solid 28 
residue, formic acid and acetic acid yields. A maximum theoretical levulinic acid yield of 29 
62.1% (21.0 wt%) was predicted when reaction conditions were 188 °C, 126 min and 1.93M 30 
sulphuric acid, with a corresponding solid residue yield of 59.2 wt%. Furfural from the 31 
hydrolysis of hemicellulose was found to have significantly degraded at the optimum  levulinic 32 
acid yield conditions. The investigation of formic acid yields revealed lower formic acid yields 33 
than stoichiometrically expected, indicating the organic acid reacts under microwave-assisted 34 
hydrolysis of lignocellulose. The solid residue yields were found to increase significantly with 35 
increasing reaction time and temperature. The solid residue yields under all conditions 36 
exceeded that of levulinic acid and, therefore, should be considered a significant product 37 
alongside the high value compounds. The solid residue was further examined using IR spectra, 38 
elemental analysis and XRF for potential applications. The overall results show that poplar 39 
wood has great potential to produce renewable chemicals, but also highlight all by-products 40 
must be considered during optimization.  41 
Keywords: Biorefining; Catalysis; Levulinic acid; Solid residues; Microwave; Acid hydrolysis. 42 
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1. Introduction: 47 
Recently, integrated biorefining and bioenergy processes have been under development to 48 
maximise the extractable value from biomass in the form of green platform chemicals and to 49 
support the establishment of a low carbon economy. Second-generation biochemicals produced 50 
from abundant non-food crops have been recognised the potential to contribute to the 51 
deployment of a bio-based industry (Kumar et al. 2008). Catalytic processes, including acid 52 
hydrolysis, partially decompose the lignocellulose into individual sugars before conversion 53 
into a range of platform chemicals. The conversion of lignocellulosic biomass with the use of 54 
acid catalysts has been investigated for the production of levulinic acid and furfural, from 55 
cellulose and hemicellulose fractions of biomass respectively (Shen and Wyman 2011; Galletti 56 
et al. 2012; Dussan et al. 2013; Yu and Tsang 2017; Chen et al. 2018; Kłosowski et al. 2019). 57 
Both levulinic acid and furfural have been recognised among the top 30 platform chemicals by 58 
the United States Department of Energy (Moriarty et al. 2018). Levulinic acid and furfural can 59 
be used as building blocks for a variety of applications such as fuel additives, solvents and 60 
polymers (Mukherjee et al. 2015; Xiong et al. 2019).  61 
Acid catalysis of lignocellulosic biomass involves the hydrolysis of the cellulose and hemi-62 
cellulose to C6 and C5 sugars respectively. The acidic conditions subsequently catalyse the 63 
dehydration of these sugars into furfural and 5-hydroxymethylfurfural (5-HMF) respectively 64 
at elevated temperatures of 160-220 ˚C. In aqueous conditions, the 5-HMF is then rehydrated 65 
to levulinic acid and formic acid in equimolar amounts (Girisuta et al. 2007). Mineral acids 66 
such as sulphuric acid and hydrochloric acid are reported to reach levulinic acid and furfural 67 
theoretical yields between 50-80% from a broad range of lignocellulosic biomass (Dussan et 68 
al. 2013; Chen et al. 2017; Kang et al. 2018). Despite such high conversion efficiencies, acid 69 
hydrolysis of sugar based and lignocellulosic biomass has been proven to lead to the co-70 
production of solid residues (Melligan et al. 2012; Zandvoort et al. 2013).   71 
4 
Solid residues are typically composed of hydrolysis resistant material, primarily acid-insoluble 72 
lignin (Sharma et. Al), and also contain condensation products from FF and reactive 73 
intermediaries (e.g. 5-HMF), known as catalytically derived humins. Humins are polymeric 74 
carbonaceous degradation products formed during the acid catalysed dehydration of sugars, 75 
intermediaries and platform chemicals (Patil et al. 2012; Zandvoort et al. 2013). The formation 76 
of recalcitrant furan rich humins have been found to account for 10-50% of carbon losses 77 
during acid hydrolysis and reducing both levulinic acid and furfural yields (Runge and Zhang 78 
2012; Tsilomelekis et al. 2016). Additionally, high temperatures associated with acid catalysis 79 
can cause carbonization and aromatisation of lignocellulose,  as well as catalyse the 80 
polymerisation of acid soluble lignin and sugars (Matsushita et al. 2004; Dussan et al. 2016). 81 
Solid residue yields from acid catalysis of Miscanthus spp. and bamboo have been reported 82 
between 33-40 wt% (Melligan et al 2012; Sweygers et al 2018). Zandvoort et al. (2013) 83 
modelled humin yields, using Response Surface Methodology (RSM), accomplishing yields 84 
up to 36 wt%. Serval applications for solid residues have been investigated in recent years 85 
including as fuel, building material and as feedstock for pyrolysis, bio oil yields of 10-20% 86 
(Agarwal et al. 2017; Mija et al. 2017; Cao et al. 2019). Whilst the underlying reaction 87 
mechanisms for the acid catalysis of cellulose and hemicellulose to high value chemicals is 88 
well understood, there is minimal literature to date on the effects of the catalytic operating 89 
conditions on solid residue yields and other by-products formation.  90 
Therefore, the aim of this study is to develop response surface models of the solid residue and 91 
aqueous product yields, during the microwave-assisted hydrolysis of poplar wood with 92 
sulphuric acid, by modelling process variables (T, CH2so4 and t). This study will expand upon 93 
existing knowledge of by-product yields for the development of integrated biorefinery 94 
solutions, as well as characterise and discuss applications of the solid residue.  95 
 96 
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 2. Materials and Methods: 97 
2.1. Sample preparation and characterisation 98 
Poplar Sawdust from a local Short-Rotation-Coppice in the United Kingdom was dried and 99 
reduced to fine powder with a ball mill to less than 1mm (Retsch, ZM500). The water soluble 100 
extractives were determined using a solvent extractor (Dionex, ASE 350) with demineralised 101 
water according to NREL/TP-510-42619. Structural sugar analysis was conducted according 102 
to NREL/TP-510-42618 (Sluiter et al. 2012) and the sugar hydroslate  was analysed  using an 103 
ICS-3000 Ion-Chromatography (Dionex, USA). The obtained compositions (on an oven-dry 104 
basis wt%) from Poplar Sawdust was; 2.16% ± 0.05 ash , 4.18% ± 0.01 water extractives, 105 
25.05% ± 0.66 Klason lignin, 41.97% ± 0.77 cellulose (glucan), 11.47% ± 0.43 mannose, 106 
7.22% ± 0.41 hemicelluloses. 107 
The reactions were conducted in an aqueous medium (deionised water) with varying 108 
concentrations of sulphuric acid (Sigma-Alridch) as the homogeneous acid catalyst. Internal 109 
HPLC standards were prepared with analytical grade glucose, formic acid, acetic acid, levulinic 110 
acid and furfural (Sigma-Aldrich). 111 
2.2. Experimental set-up 112 
The reactions were conducted using 30 ml borosilicate reactors and heated with a Monowave 113 
300 microwave reactor operating at 2.45 GHz (Anton-Parr, Austria). In each experiment 0.1g 114 
of polar wood was mixed with 6 ml of sulphuric acid solution and heated to the desired 115 
temperature within 2 min, with an internal magnetic stirrer speed of 600 rpm. Post reaction, the 116 
solids were separated using vacuum filtration with pre-dried and pre-weighed 2 µm filter 117 
papers before sampling the liquid fraction. The liquid fraction was further filtered with a 0.2 118 
µm micro-filter before HPLC analysis. The reaction vessel was then washed with 500 ml of 119 
de-ionised water to recover all the solids as well as to wash the acid out of the filter paper. The 120 
6 
residue and filter paper were then dried at 60˚C for 24 hours under vacuum and the dry solid 121 
weight was calculated. 122 
2.3 Analytical Methods 123 
The post-reaction solutions were analysed using a HP1100 HPLC (Agilent, USA) with an 124 
Agilent 1200 Refractive Index Detector (RID) (Agilent, USA) equipped with a Aminex HPX-125 
87H organic acids column (Bio-Rad, USA). The column and RID temperatures were 126 
maintained at 55 ˚C and 5 mM H2SO4 eluent was used as the mobile phase with the flowrate 127 
maintained at 0.6 ml/min. The weight percentage yields of product yields were calculated on a 128 
dry poplar feedstock basis using eq. (1).  129 
𝑌𝑌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑔𝑔) 𝑝𝑝𝑝𝑝𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑝𝑝 (𝑔𝑔) x100       (1) 130 
The theoretical levulinic acid yield was calculated on C6 sugar basis (glucose and mannose). 131 
The net formic acid yield was calculated by considering, a stoichiometric formation of 1:1 132 
molar levulinic to formic acid yield, with observed formic acid yield. As per eq 2.  133 
𝑌𝑌𝑁𝑁𝑝𝑝𝑝𝑝 𝐹𝐹𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑝𝑝 𝐴𝐴𝑝𝑝𝑟𝑟𝑝𝑝 =  𝑌𝑌𝐹𝐹𝑝𝑝𝑝𝑝𝑚𝑚𝑟𝑟𝑝𝑝 𝐴𝐴𝑝𝑝𝑟𝑟𝑝𝑝 −  𝑌𝑌𝐿𝐿𝑝𝑝𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 𝑚𝑚𝑝𝑝𝑟𝑟𝑝𝑝 ∗ 46.06 116.11⁄      (2) 134 
Where; Mr of levulinic acid = 116.11 g/mol and Mr of formic acid = 46.06 g/mol 135 
2.4. Solid Residue Characterisation 136 
The solid residue was analysed using a Vario MacroCube CHNS analyser (Elementar, 137 
Germany) and the oxygen was calculated by difference. The HHV was estimated using eq.3, 138 
where C, H, S, O, A represent the weight percentages of carbon, hydrogen, sulphur, oxygen 139 
and ash of the sample respectively (Channiwala and Parikh 2002). X-ray Fluorescence 140 
spectrometry (XRF) energy was conducted using a Rigaku NEX-CG (Rigaku, USA) for 141 
determination of selected trace elements. For each sample two IR spectra were recorded and 142 
averaged using 16 scans with a resolution of 4cm-1 (Spectrum Two, Perkin-Elmer, USA). The 143 
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morphology and structure of the solid residue was evaluated with a Supra 40VP-FEG Surface 144 
Electron Microscope (Zeiss, Germany) 145 
HHVpredicted(MJ kg−1 = 0.3491 (C) + 1.1783(H) + 0.1005(N)− 0.1034 (O)− 0.0015(A)  (3) 146 
 147 
2.5. Experimental design 148 
Response surface methodology (RSM) was used to investigate the effects of three independent 149 
variables (A: Temperature /˚C, B: time /minutes, C: conc. H2SO4 / M) on the yields levulinic 150 
acid, furfural, solid residues, formic acid and acetic acid.  RSM utilises mathematical and 151 
statistical techniques for modelling, interpreting and predicting one or more responses “y” of 152 
interest to several input variables “χ” (from level i to j). Ideal reaction conditions can be 153 
retrieved from the model by fitting data from each experimental set into a second-order 154 
polynomial model as per eq. (4): 155 
𝑌𝑌 =  𝛽𝛽0 + �𝛽𝛽𝑟𝑟𝑋𝑋𝑟𝑟𝑟𝑟
𝑟𝑟=1
+ �𝛽𝛽𝑟𝑟𝑟𝑟𝑋𝑋𝑟𝑟2𝑟𝑟
𝑟𝑟=1
+ ��𝛽𝛽𝑟𝑟𝑖𝑖𝑋𝑋𝑟𝑟𝑋𝑋𝑖𝑖𝑟𝑟
𝑖𝑖>1
𝑟𝑟
𝑟𝑟
 (4) 156 
where Y is the predicted response, ß0, ßi, ßii and ßij are regression coefficients and n is the 157 
number of the experiments conducted. The sequential F-test, lack-of-fit test and other adequacy 158 
measures were used in selecting the best models. The graphical representation and 159 
mathematical investigation of the models were assessed for statistical importance using 160 
analysis of variance (ANOVA) with an interval of confidence α=0.1 applied to estimate the 161 
significance of the model and each of the model terms (Prob. F<p-value). All statistical analysis 162 
was conducted using Design Expert version 11.0 (Stat-Ease Inc., Minneapolis, USA). 163 
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A three level Box-Behnken experimental design was employed in this study requiring 17 runs 164 
or experimental data points, which included five replicates at the central point to estimate the 165 
model variance. The levels of the three variables are shown in Table 1 and the full the 166 
experimental design, including order randomisation, is shown in supplementary table 1. The 167 
run order was randomised and the non-central point values were replicated in triplicate.  168 
Table 1 - Levels of the independent variables 169 
Independent Variable Unit Variable Ranges 
 
 low medium high 
Temperature °C 160 180 200 
Time min 30 90 150 
H2SO4 Concentration M 0.1 1.05 2 
 170 
 171 
  172 
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3. Results and discussion: 173 
3.1 Green chemical and solid product yields 174 
The response surfaces included in the following subsections were generated from statistically 175 
significant models (ANOVA tables provided in the Supplementary datasheet) for estimating 176 
the platform chemical yields with a reduced data set. The yield of each building block via the 177 
methods described in section 2.3, is shown in Table 2 and will be referred to in the hereafter 178 
subsections for focussed discussion.  179 
Table 2 – Experimental Results of sulphuric acid hydrolysis of poplar sawdust  180 
Run 
Temperature 
/ ˚C 
Reaction 
Time 
/min 
Sulphuric Acid 
Concentration 
/ M 
Theoretical Yield* Yield g/ 100g of reactant* 
Net 
Formic 
Acid 
Yield 
*(g/g) 
  
Cumulative 
        
Levulinic 
Acid 
Furfural Glucose 
Levulinic 
Acid 
Furfural 
Formic 
Acid 
Acetic 
Acid 
Solid 
Residue 
  
13 160 30 1.05 4.9% 22.5% 7.70 1.66 1.86 1.04 2.20 51.57 0.38 66.02 
15 160 90 0.1 3.2% 40.0% 10.23 1.10 3.31 2.01 2.35 62.96 1.58 81.96 
5 160 90 2.00 31.8% 44.3% 14.79 10.75 3.66 6.43 2.27 48.41 2.16 86.31 
10 160 150 1.05 23.0% 29.2% 15.45 7.77 2.41 4.08 2.53 51.71 1.00 83.95 
7 180 30 0.1 7.8% 10.3% 6.04 2.64 0.85 10.32 2.34 69.53 9.27 91.72 
6 180 30 2 27.8% 11.5% 10.70 9.40 0.95 7.84 2.06 44.26 4.11 75.22 
2 180 90 1.05 55.0% 11.5% 9.52 17.60 0.95 10.35 2.56 38.75 3.37 79.74 
3 180 90 1.05 52.7% 15.7% 8.78 17.84 1.30 10.18 2.52 38.47 3.10 79.08 
4 180 90 1.05 51.0% 17.1% 9.21 16.56 1.41 10.21 2.43 45.61 3.64 80.43 
8 180 90 1.05 49.0% 17.1% 9.20 16.56 1.41 9.58 2.28 42.60 3.01 81.63 
16 180 90 1.05 47.5% 16.9% 8.99 16.09 1.40 10.21 3.05 41.25 0.83 71. 65 
11 180 150 0.1 9.1% 34.8% 10.48 3.08 2.87 2.48 2.37 59.07 1.26 80.36 
1 180 150 2 59.5% 0.4% 0.17 20.14 0.03 10.60 3.12 59.48 2.61 93.54 
17 200 30 1.05 25.9% 1.9% 20.34 8.78 0.15 6.12 1.82 40.06 2.64 77.27 
9 200 90 0.1 21.8% 46.8% 18.53 7.36 3.87 5.79 2.88 50.68 2.87 89.11 
14 200 90 2 49.6% 0.2% 0.60 16.78 0.02 5.71 1.66 46.12 -0.94 70.88 
12 200 150 1.05 43.9% 0.2% 0.52 14.85 0.02 0.95 2.64 48.40 -4.94 67.38 
 * The values runs were conducted in triplicate and values averaged except for the central point of 180 ˚C, 90 min and 1.05 M H2SO4 
  181 
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3.1.1 Levulinic Acid Yields  182 
The poplar wood was subjected to acid hydrolysis with sulphuric acid according to the Box-183 
Behnken experimental design shown in Table 1 and all the results of all measured compounds 184 
are shown in Table 2. The highest observed theoretical levulinic acid was 59.5% for poplar 185 
wood at 180 ˚C, 150 min and 2 M sulphuric acid (Run 1) that corresponds to a levulinic acid 186 
yield of 20.1 wt% of the initial biomass. The yields are in line with those from other 187 
lignocellulosic feedstocks such as wheat straw, pine chips and miscanthus that have been 188 
reported between 50-70 % (Kang et al. 2018; Kłosowski et al. 2019). While the theoretical 189 
yield is more appropriate for discussing the catalysis process effect on the maximum 190 
stoichiometric yields achievable, the absolute weight yield evaluates the economic implications 191 
of both the technology and feedstocks, therefore both solid and theoretical yields will be 192 
discussed. The high C6 sugar content of the feedstock has resulted in levulinic acid yields 193 
exceeding 20 wt%, which justifies the choice of polar wood as feedstock. However, the 194 
maximum yields were found at unusually long reaction times for microwave technology (150 195 
mins), which could be attributed to the recalcitrance of woody biomass and moderate reaction 196 
temperature (180 °C). This result indicates the advantages of microwave-assisted heating are 197 
less pronounced when using recalcitrant biomass types.  198 
The conversion of polar wood to levulinic acid was optimised using RSM and was modelled 199 
using analysis of variance (ANOVA) to produce a quadratic model, shown in eq.4. The 200 
proposed model was statistically significant with an adj. R2 =98% and a lack of fit of 0.44, as 201 
shown in Supplementary table 2.  The highest predicted theoretical levulinic acid yield was of 202 
62.1% or 21.0 wt%, at 188 °C, 126 min and 1.93M sulphuric acid, which is higher than other 203 
works with untreated poplar wood, i.e. 52 % with HCl (Galletti et al. 2012) and 49 % with 204 
H2SO4 (Runge and Zhang 2012). The results of this study further highlight the potential of 205 
poplar wood as feedstock for levulinic acid production in a biorefinery context. 206 
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𝑌𝑌𝐿𝐿𝐴𝐴 =  −3.77 + 0.0398 𝑇𝑇 + 0.00223 𝑡𝑡 + 0.102 𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 +  0.000452 𝑡𝑡 ∗ 𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 − 0. 00106 𝑇𝑇2 −207  0.0000123 𝑡𝑡2 − 0.0409 𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆42   (5) 208 
The 3D-contour graphs in Figure 1 shows the performance of levulinic acid yield, according to 209 
eq.5, in relation to the three process variables. The sulphuric acid concentration had the highest 210 
impact on the levulinic acid yield, according to 1b and 1c. Low concentrations of H2SO4 (0.1 211 
M) appear not to be sufficient to fully catalyse either the cellulose degradation or further 212 
conversion to levulinic acid, as shown by the high concentrations of glucose and solid residue, 213 
as shown in Runs 9, 11 and 15. There was a slight decrease in levulinic acid yields with at 214 
higher acid concentrations in correlation with acid catalysed humin formation, as shown in 215 
Figures 1b and 1c. Similarly, a decrease of levulinic acid yield can be observed at higher 216 
temperatures and longer times, indicating levulinic acid degradation is occurring. It can 217 
therefore be concluded that interdependence of the three process variables shows that the 218 
highest levulinic acid yield can only be determined by co-optimization. 219 
 220 
12 
 221 
Fig.1 3D response surface plots and 2D  contour plots of levulinic acid yield (wt%) whist (A) varying temperature and time; 222 
(B) varying sulphuric acid concentration and temperature; (C) varying time and sulphuric acid concentration 223 
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3.1.2 Furfural yields 224 
Fufural yields were modelled using a modified ANOVA model, with an adj R2 of 95.8% 225 
(Supplementary Table 3) and the RSM plots are shown in Figure 2. The overall furfural yields 226 
were lower than expected and decreased significantly with increasing temperature and 227 
sulphuric acid concentration, as seen in Figure 2b. The speed at which the furfural degraded 228 
was unexpected with the optimum furfural conditions, according to eq. 6, being 160 °C, 71 min 229 
and 2 M H2SO4 which results in theoretical furfural and levulinic acid yield of 15.1% and 230 
26.3% respectively. The highest furfural yield had a correspondingly low levulinic acid yield, 231 
which suggests that the hemi-cellulose solubilisation and subsequent transformation to furfural 232 
is significantly faster than cellulose to levulinic acid (Hendriks and Zeeman 2009).  Furfural 233 
can degrade under the same conditions that is formed and can degrade into a multitude of 234 
products including formic acid and solid residues (Danon et al. 2013).  The difference in 235 
reaction rates makes co-optimization of the two products difficult and the production of 236 
levulinic acid should be prioritised due to its higher potential yield. 237 
There was a small increase in furfural yields with reaction time, peaking at approximately 90 238 
min, following which a sharp decrease in furfural yield was observed. It should be noted that 239 
the rapid decrease in furfural yields corresponds to a significant increase in solids yield, as 240 
shown in Figure 3. Furfural decomposition and polymerisation towards humins has been 241 
reported under acidic conditions (Sairanen et al. 2014; Dussan et al. 2016). Moreover, Runge 242 
and Zhang (2012) proposed that the degradation of furfural caused the formation of tar-like 243 
humin structures, inhibiting cellulose hydrolysis. Therefore, the solid residue yields can be 244 
partially attributed to the furfural degradation and the conversion of furfural to solid residue 245 
could be an interesting optimisation feature in future works, if solid residues can be valorised 246 
and low furfural concentrations do not warrant separation cost. 247 
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𝑌𝑌𝐹𝐹𝐹𝐹 = +0.5204 − 0.00596 𝑇𝑇 + 0.000598 𝑡𝑡 + 0.0858  𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 − 0.000554 𝑇𝑇 ∗  𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 −248 0.000129 𝑡𝑡 ∗  𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 − 0.0000169 𝑇𝑇2 −  2.391x 10−3𝑡𝑡2 + 0.00823 𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆42   (6)249 
 250 
Fig.2 3D response surface plots and 2D  contour plots of furfual yield (wt%) whist (A) varying temperature and time; (B) 251 
varying sulphuric acid concentration and temperature; (C) varying time and sulphuric acid concentration 252 
 253 
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3.1.3 Net Formic Acid 254 
Formic acid was expected to primarily come as a stoichiometric by-product of levulinic acid 255 
formation(Shen and Wyman 2011). However, the formic-to-levulinic acid ratio was never 256 
stoichiometric in this study and a discrepancy has also been reported in other works, which 257 
have attributed it to the degradation of sugars among other side reactions(Swift et al. 2014; 258 
Flannelly et al. 2016). An understanding of the side reactions could be calculated by excluding 259 
the formic acid produced from levulinic acid. Though it should be noted that the formic acid 260 
from decomposed levulinic acid is not accounted for in this model and will over-estimate the 261 
net formic acid formation at higher conditions. The RSM model developed, shows that net 262 
formic can modelled to a high level of significance, represented by an adjusted R2 of 90.64% 263 
and a lack of fit test of 0.896 (Supplementary Table 4).  264 
The highest observed net formic acid yield of +9.4 wt% was recorded at 180 °C, 30 min and 265 
0.1M H2SO4 , which indicates that an initially large 9.4 wt% of the poplar wood was converted 266 
to formic acid, possibly from the fast hydrolysis of hemi-cellulose and degradation of sugars. 267 
Formic acid formed in this manner should remain constant at higher temperatures and reaction 268 
times. It was therefore unexpected to observe an overall trend of decreasing formic acid with 269 
higher reaction time and temperature. The overall trends and negative net yields of formic acid 270 
of -0.9 wt% and -4.9 wt% were recorded at (200 ˚C, 90 min, 2M) and (180 ˚C, 150 min and 271 
1.05M), indicate that formic acid is consumed in a side reaction. Formic acid has been found 272 
to be stable under similar conditions with monomeric sugars, suggesting such consumption is 273 
linked to the lignocellulose feedstock (Flannelly et al. 2016; Qi et al. 2016). Lignin has been 274 
observed to decrease formic acid yields during acid hydrolysis (Yoon et al. 2014) and could be 275 
attributed to the formylation of lignin under microwave heating (Wang et al. 2017). It is 276 
possible that consumption of formic acid is linked with the solid residue formation, however 277 
this aspect was not further investigated. 278 
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 279 
Fig.3  3D response surface plots and 2D  contour plots of net formic acid yield (wt%) whist (A) varying temperature and time; 280 
(B) varying sulphuric acid concentration and temperature; (C) varying time and sulphuric acid concentration 281 
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3.1.4 Acetic Acid 282 
Attempts were made at modelling the formation of acetic acid using ANOVA with no success 283 
in identifying a correlation of significance. The acetic acid appears to be relatively constant in 284 
the range of 2.43 wt% ± 0.30 wt% across most conditions. The highest and the lowest yields 285 
were 3.12% (180 ˚C,150 min, 2M) and 1.66% (200 ˚ C, 90 min 2M) respectively. These outliers 286 
may suggests minor reactions are occurring. The consistent yield across all parameters, 287 
indicates the acetic acid was mostly present in the unreacted biomass and is easily solubilised 288 
(Gong et al. 2019). This seems to indicate that acetic acid yields are not significantly affected 289 
by the reaction parameters, but are rather inherent to feedstock composition. 290 
3.1.5 Residual solids yields 291 
The post-reaction solid residues were expected to contain the products of several distinct 292 
reactions including cellulose hydrolysis and humin formation. Though kinetic models would 293 
offer greater insight into optimization and reactor design, they require detailed reaction models 294 
that simply do not exist for all solids formation mechanisms. Despite this, it was possible to 295 
achieve a highly significant model (adj R2 of 93.61%), with lack of fit being insignificant 296 
(p=0.94), as shown in the Supplementary Table 5. The RSM model is, therefore, shown to be 297 
an appropriate tool for modelling the solid yields under catalytic conditions without the need 298 
of detailed of models as shown by the high R2. 299 
 300 
The lowest observed solids yield was 40.0 wt% at 200 ºC, 30 min and 1.05M H2SO4 (Run 17), 301 
which corresponded with observed theoretical levulinic acid yield of 25.9%. The low levulinic 302 
acid yield was associated with glucose yields of 20.1 wt%, indicating substantial cellulose 303 
hydrolysis without sufficient time for the conversion of glucose into levulinic acid. The low 304 
solids yield was still in excess of the lignin content of poplar wood (25 wt%) and can be further 305 
minimised, by using eq.7, to 36.6 wt% (theoretical levulinic acid yield of  52.3 wt%) at the 306 
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conditions of 200 ˚C, 64 min and 1.31M H2SO4. These low solids yields can be attributed to 307 
the hydrolysis of the cellulose and hemicellulose, after which solid residue yield will be 308 
affected by addition of condensed materials. In fact, from Figure 4a, it can be seen that high 309 
temperature and short reaction time appear to facilitate sufficient biomass solubilisation 310 
without causing significant solids formation. The second lowest solids yield of 41.3 wt%1 and 311 
50.6% theoretical levulinic acid yield at 180 ˚C, 90 min and 1.05M H2SO4 shows that the 312 
process parameters can be optimised to increase levulinic acid yields with minimal affects on 313 
the solid residue yields . There was also a decrease in the solids yield between the highest actual 314 
and predicted levulinic acid yields (20.1 wt% and 20.9 wt%), which corresponded with solids 315 
yields of 59.2% and 52.1% respectively. The decrease in solids yield with levulinic acid 316 
optimisation is most likely caused by the reduction of competitive humin formation reactions, 317 
which shows a possible synergy between levulinic acid maximisation alongside solids 318 
minimisation.  319 
𝑌𝑌𝑚𝑚𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑚𝑚 = 1.682 − 0.0475 𝑇𝑇 − 0.00715 𝑡𝑡 − 0.639  𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 + 0.0000171 𝑇𝑇 ∗ 𝑡𝑡 + 0.00131 𝑇𝑇 ∗320  𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 − 0.00113 𝑡𝑡 ∗  𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆4 −  0.0000176 𝑡𝑡2 + 0.116𝐶𝐶𝐻𝐻2𝑆𝑆𝑆𝑆42   (7) 321 
The acid concentration had a significant effect on the solid yields, as shown in Figure 4b and 322 
4c, by regulating both the solubilisation of the biomass as well as the formation of solid 323 
residues, which implies that the solids formation from lignocellulosic biomass is primarily acid 324 
catalysed. The moderate effect of temperature on the solids yield, as shown in Figure 4a and 325 
4b, suggests that the formation of solids is reactant limited, meaning that solids could be 326 
minimised by utilising high temperature reactors in conjunction with low residence time. The 327 
solid residue yield significantly increased from 38.5wt% to 57.5 wt% between, 90 and 150 328 
mins at 180 ˚C. This 20 wt% increase in solids yield over 60 min indicates a large solids 329 
                                                          
1 The conditions of 180 ˚C, 90 min and 1.05M H2SO¬4 are recorded 5 times in table 2 as part of the RSM 
methodology to estimate variance and stated values are the average value 
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forming reaction process or system. The reduction in levulinic acid, formic acid and furfural 330 
over that time does not fully explain the increase in solids weight. This can only be partially 331 
attributed to the acid catalysed formation of humins by cross-polymerisation of 5-HMF and 332 
dehydration by-products (Patil and Lund 2011; Patil et al. 2012; Zandvoort et al. 2015). The 333 
cross-polymerisation of sugars and intermediaries can be further catalysed by phenolic 334 
compounds similar to lignin (Ryu et al. 2010), but would not fully explain the dramatic increase 335 
in yield after 90 min.  Acid soluble lignin is a significant fraction of biomass that was not 336 
measured in this study. However, previous studies have reported condensation of acid soluble 337 
lignin with reactive intermediaries and sugars (Matsushita et al. 2004; Dussan et al. 2016). In 338 
order to fully understand the process of solid residue formation from lignocellulosic material, 339 
analysis and measurement of all aqueous by-products would be required.  340 
Furthermore a notable excess of gas formation at higher temperatures (200˚C) was observed, 341 
that could not be explained by gas expansion alone. Although the amount of gas formed could 342 
not be measured accurately, the formation of gas would potentially indicate hydrothermal 343 
carbonization (HTC) is taking place (Nizamuddin et al. 2018).  HTC has been reported under 344 
sub-critical conditions for cellulose and lignin at 180-200˚C(Heidari et al. 2018). There are 345 
similarities between the catalytic formation of humins and biomass, with regards to 346 
polymerisation mechanisms and especially the role of 5-HMF(Zandvoort et al. 2013; Lei and 347 
Tian 2016). Studies by Guiotoku hydrothermal carbonization of pine sawdust at 200 ˚C with 348 
citric acid found similar increases with reaction time (35%-45% increase between 60 and 240 349 
min)(Guiotoku et al. 2009). Guiotoku attributed the increase in solids to the reaction of volatile 350 
compounds with lignin and observed deposition with SEM. This potentially could resemble 351 
catalytic humin growth and further study in this area is needed to elucidate some of the more 352 
complex reactions in both processes.  353 
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Under all reaction conditions, the solid residue yield exceeded that of levulinic acid despite the 354 
solids typically being considered a waste product. The solid residues should, therefore, be 355 
considered a distinct by-product that warrants further analysis. It would be desirable to either 356 
minimise solid residue yields or modify the characteristic properties of the solids for 357 
commercial applications, as the disposal of the solid residue would be of significant cost for 358 
future biorefineries.  359 
  360 
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 361 
Fig.4 –3D response surface plots and 2D  contour plots of solid residue yield (wt%) whist (A) varying 362 
temperature and time; (B) varying sulphuric acid concentration and temperature; (C) varying time and 363 
sulphuric acid concentration 364 
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3.2 Residues characterisation and their potential applications 365 
The solid residues corresponding to the lowest solids yield (200 ºC, 30 min and 1.05 M H2SO4, 366 
Run 17) and highest levulinic acid yield (180 ºC, 150 min and 2 M H2SO4 , Run 1) were chosen 367 
for further characterisation alongside untreated poplar wood for comparison. The solid residue 368 
yields were quantified at 40 wt% and 59 wt% respectively. The solid residue elemental 369 
composition, identified by CHNSO and XRF analyses using the methods described in section 370 
2.3, is reported in Table 3, which suggest similar chemical compositions despite differing 371 
reaction conditions. The decreases in H/C and O/C are indicative dehydration reactions, which 372 
are associated with the polysaccharide hydrolysis and humin formation (Zandvoort et al. 2015; 373 
Agarwal et al. 2017).  374 
A significant increase in the carbon content from 51 wt% to 60-62 wt% occurred during the 375 
acid catalysis, with the solid residue forming carbon rich chars.  This is further evidenced by 376 
the minimal difference between the calculated HHV of the two samples (28.2 and 28.0 MJkg-377 
1) in Table 3, which indicates potential the use of the solid residue as a fuel source. Therefore, 378 
the acid hydrolysis acts as an energy densification process in the form of solid residue (when 379 
compared with HHV of commercially available poplar wood as fuel), in addition to the 380 
production of high value chemicals generated by this biorefining technique. Similar algae 381 
hydro-char, from the fast catalysis of red seaweed with sulphuric acid, found experimental 382 
higher heating values of 19–25 MJ kg−1 (Cao et al. 2019). However, an increase in sulphur 383 
content, due to sulphuric acid catalyst, from 0.06 wt% to 0.07-0.12 wt% can also be observed. 384 
This would require post-combustion flue gas treatment and must be accounted for in a 385 
biorefinery scenario, where solid residue is used for combustion. 386 
Trace elements analysis via XRF shows a decrease in concentrations of Mg, Al, Si, P, K, Ca, 387 
Fe, Cu and Zn due to leaching of these elements, as shown in Table 3. It is well known that 388 
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metals have increased mobility at low pH and the catalysis process has caused acid extraction 389 
of the biomass (Kröppl and Lanzerstorfer 2013), which may affect subsequent aqueous 390 
processes. The overall decrease in nutrients required for biological growth of microorganisms 391 
or soil amendment should also be noted, including a significant increase in the C/N ratio. The 392 
untreated poplar wood was inherently low in nutrients and, as result, the solid residue would 393 
perform poorly as fertiliser. However, there may be opportunities in the use of the solid residue 394 
as a biochar for stimulating microbial proliferation in anaerobic digestion systems or for carbon 395 
sequestration purposes. The use solid residue in biochar applications would require further 396 
investigation, but could potentially be used as a soil amendment for energy crops, as a way to 397 
create a closed loop production method.  398 
The structural changes in the solid residue between the two settings can be visually seen in 399 
Figure 5. The residue at the lowest solids yield, Figure 5a, has a similar morphology to 400 
unreacted biomass, implying incomplete hydrolysis of the polysaccharide matrix. A 401 
honeycomb structure appears to have formed at the highest levulinic acid setting, Figure 5b, 402 
with significant spherical humin formation covering most of the residues external surface. 403 
Carbonaceous spheres are also present on Figure 5a, possibly linked with the fast degradation 404 
of furfural. The carbonaceous spheres resemble those reported in other works, (Guiotoku et al. 405 
2009; Qi et al. 2016) investigating humin growth from acid hydrolysis of lignocelluloses, 406 
confirming earlier discussions. Consequently, the increase in solid yields can be attributed to 407 
humin formation and can could be controlled to modify the solid residue properties in the 408 
future. 409 
The FTIR spectra of the solid residues and poplar wood are reported in Figure 6 and show the 410 
structural changes occurred during the acid hydrolytic process. The peaks at 3600-3000 cm-1, 411 
3000-2800 cm-1 and 1032 cm-1 are associated with O-H stretching , C-H bending and C-O 412 
stretching respectively from cellulose and hemicellulose. The gradual decrease in these three 413 
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peaks indicates the partial degradation of the polysaccharide structures, with residual cellulose 414 
persisting at the longer reaction times. Other peaks can be attributed to a variety of functional 415 
groups such as: at 1700 cm-1 to C=O stretching, at 1595 and 1510 cm-1 to aromatic C=C 416 
stretching, finally  at 1450 cm-1 to C-H bending. Moreover, the peaks at 1260 and 1210 are 417 
attributed to C-O stretching, while peaks between 950-750 cm-1 are normally associated with 418 
aromatic C-H bending. Interestingly, the peak around 1360 cm-1 can be linked to SO3H 419 
indicating sulfonation of the residue, which is in agreement with the elemental analysis 420 
findings. The functional groups present in the residue resemble lignin, hydochars and humins 421 
(Patil et al. 2012; Tsilomelekis et al. 2016; Jaruwat et al. 2018). However, the increase in 422 
absorption spectra with regards to time is atypical for hydrothermal carbonisation and can be 423 
attributed to humin formation. This is also demonstrated by the increase in C=C stretching at 424 
1595 and 1510 cm-1, which indicates further aromatisation and furan formation earlier 425 
associated with humins. The formation of stable aromatic structures with greater 426 
biogeochemical recalcitrance can potentially be used as a biochar for carbon sequestration 427 
(Singh et al. 2016).  428 
Table 3 – Elemental composition of solid residues and poplar wood on a dry weight basis 429 
  
Poplar 
Wood  
Lowest 
Solids 
Yield 
Highest 
Levulinic 
Acid 
Yield 
Solid Residue Yield (wt%) - 40.06 59.48 
C (wt%) 51.18 60.37 62.12 
H (wt%) 6.28 5.37 5.33 
N (wt%) 0.11 0.08 0.16 
S (wt%) 0.06 0.07 0.12 
O (wt%)* 42.22 32.46 30.84 
Ash (wt%) 2.16 1.64 1.45 
HHVpredicted (MJ / kg)** 24.6 27.8 27.6 
H/C 1.47 1.07 1.03 
O/C 0.62 0.40 0.37 
C/N 465 755 388 
25 
Mg (mg/kg) 224 20.8 9.3 
Al (mg/kg) 71 28.1 29.9 
Si (mg/kg) 52.9 41.2 41.6 
P  (mg/kg) 18.1 4.3 1.4 
Cl (mg/kg) 11.3 16.8 13.6 
K  (mg/kg) 258 45.6 4.3 
Ca(mg/kg) 525 20.7 10.9 
Fe (mg/kg) 6.4 2.5 3.4 
Cu (mg/kg) 2.2 0.6 0.5 
Zn (mg/kg) 5.4 2.6 1.0 
*  Calculated by difference 430 
**  Calculated using equation 3 431 
 432 
 433 
 434 
Fig.5 – SEM images of solid residues produced from different reaction conditions: lowest Solids yield 435 
(A) and highest Levulinic acid yield (B)  436 
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 437 
Fig.6 – FTIR spectra of poplar wood (a), lowest solid residue (b), Highest levulinic acid yield (c).  438 
4. Conclusion: 439 
This study reports that the sulphuric acid catalysed conversion of poplar wood into levulinic 440 
acid can be optimized through RSM methods, leading to yields of up to 21.0 wt%. Results 441 
indicate the hemicellulose and furfural conversion rates were excessively rapid and do not 442 
allow co-optimization of alongside levulinic acid yield in a single-stage reactor. The solids 443 
yield varied significantly from 38-63 wt% and under all conditions the solid residue yield 444 
exceeded that of levulinic acid. The solid residue was characterised and found to have potential 445 
use as a fuel or as biochar. This could be minimised by low reaction times and moderate acid 446 
conditions, however further work is needed to understand the reaction mechanisms involved 447 
with the formation of solid residue from the acid hydrolysis of lignocellulosic materials. Formic 448 
acid was greatly affected by variation of reaction conditions as well as important side reactions 449 
that appear to affect the yields of other products. This work constitutes a useful starting point 450 
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for further studies aiming to understand how side reaction mechanisms are affected by reaction 451 
variables, as this is critical for developing cost-effective lignocellulosic biorefineries of the 452 
future.  453 
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